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Lead sampies were collected at the tap from homes with lead service lines (LSLs) in a full-
scale utility using both random daytime (RDT) and particulate stimulation sampling (PSS}
protocols. Analysis of the results revealed two sources and occurrences of particulate lead.
A first source is due to corrosion of lead-bearing elements in the premise plumbing (PP) and
occurs mostly at low fo moderate concentrations <3ng/L, with some sporadic higher
concentrations (de12mg/L). These spikes were consistently observed and considerably
increased using PSS, showing that current sampling protocols may miss a significant
portion of particulate iead. The second source resuits from the adsorption of dissolved lead
onto iron deposits in LSL/PP, and is continuously present at low to moderate concentra-
tions. Statistical analyses were validated by physical analyses of: (i) lead scales from LSLs;
and (ii) lead particles from tap aerators.

Occurrence
Sampling protocol

@ 2010 Elsevier Ltd. All rights reserved.

1. introduction

Lead in drinking water is a major public health concern. It can
create irreversible inteliectual impairment in infants and
young children, even at blood lead levels (BLLs) below 10mg/dL
(Lanphear et al., 2000; Gump et al., 2008; Jusko et al., 2008).
Assessing the impact of lead from tap water on BLLs can be
difficult due to multiple exposure pathways, temporal vari-
ability of waterborne lead, and inter-individual and day-to-
day variability in exposure studies (Schock, 1990; Lanphear
et al., 2002). Nonetheless, the rise in lead levels in tap water
significantly increased the number of children with elevated
BLLs in some studies (Lanphear et al., 1998; Edwards et al,,
2009). Lanphear et al. (2002) also reported that water lead
levels above 5mg/L after 1min of flushingsignificantlyincrease

the BLLs of children aged 6e24 months. Finally, recent cases of
lead intoxication in children have been related to solder
particle ingestion (Triantafyllidou et al., 2007).

Numerous utilities still serve homes with lead service lines
(LSLs), which can contribute to 50e75% of the total lead mass
measured at the tap during profile sampling and for which
a replacement time frame is a commitment issue (Sandvig
et al., 2008). Lead in tap water is also increased by leaching
from lead-bearing materialsin premise plumbing (PP), such as
lead-tin solderscontaining up to 50% lead (Subramanianet al,,
1995), and brass materials containing up to 8% lead (Dudi
et al., 2005).

Currentstandardsand guidelineson lead in drinking water
are mostly in the 0.010e0.015 mg/L range; however, sampling
protocolsdiffer widely amongcountries, in terms of variations
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in stagnation time, sampling volume, and number of samples
collected, which influence the recovery of lead (Schock, 1980).
The US action level is set at 0.015 mg/L in at least 90% of the
samples collected from high-risk locations. The sampling
protocol consists of taking a 1L sample of cold tap water after
at least 6 h of stagnation, and aims to assess the contribution
of both LSL and PP. However this approach can underestimate
peak concentrations occurring in subsequent liters, depend-
ing on PP volume (Giani et al., 2003). In Europe, random
daytime (RDT) sampling (1st liter taken during office hours,
without fixed stagnation) and sampling after 30 min of stag-
nation (30MS) (1st and 2nd liter) were identified as the best
approaches for estimating exposure and detecting homes
with elevated lead concentrations in tap water. RDT is cost-
effective and convenient for consumers, when compared to
30MS sampling; however, it is difficult to reproduce (van den
Hoven and Slaats, 2006). Health Canada recently issued
a corrosion control guidance document (Health Canada, 2009)
combining both the American and the European approaches:
1st option is performed following the LCR protocol, and 2nd
option is based on 30MS sampling. Compliance in Ontario
(Canada) is based on meeting a 0.010 mg/L action level in the
highest of the two subsequent liters taken after 30MS in at
least 90% of homes sampled (Government of Ontario, 2002).

Particulate lead is usually defined as the fraction of lead
retained by a 0.45mm filter. Current sampling protocols and
methods of analysis may underestimate total lead because of
particulate lead. The prescribed EPA 200.8 method recom-
mends digesting samples directly in the bottle with nitric acid
atpH<2foratleast 16 hat4'C, and then, if turbidity exceeds
1 NTU, performing a rigorous heated-digestion on an aliquot
of the sample. However, this method may not entirely
dissolve lead solders and lead (V) oxide particles, which may
underestimate particulate lead (Triantafyllidou et al., 2007).
Also, if samples are not acidified immediately, low soluble
tetravalent lead particles can adhere to the sampling bottles,
resulting in a turbidity reading below 1 NTU, and conse-
quently to total lead underestimation (Edwards and Dudi,
2004). Furthermore, particulate lead losses can occur when
the aliquotisextracted for the heated-digestion,and when the
hot-digested aliquot is centrifuged prior to analysis. Finally,
suspended colloidal lead in the centrifuged vial may not be
quantified by the usual analytical methods (Triantafyllidou
et al., 2007).

Sampling approaches prescribed by regulation do not
include the filtration of samples, therefore, could estimate
total lead. However, the prescribed conditions are designed to
prevent the adsorption of dissolved lead onto the bottle and its
precipitation, not the optimal solubilization of particulate
lead. Dissolved lead increases with stagnation time until it
reaches the equilibrium level (within 8e24 h) and its source
can be estimated by measuring concentration profiles, PP and
LSL length. In contrast, particulate lead occurs sporadically
and is mainly caused by physical factors, making its contri-
bution difficult to predict with any certainty (Schock, 1990;
Triantafyllidou and Edwards, 2009). The transport of parti-
cles that detach from LSL/PP to the tap depends on flow rate,
hydraulic regimen, and particle characteristics (Slaats et al,,
2003). Particulate lead occurrence increases with increasing
flow rate; though, protocols specify sampling at a low flow

rate, lower than typical faucet
(Triantafyllidou and Edwards, 2009).

Thus, existing sampling protocols and analytical methods
were not developed to detect particulate lead, and so may
underestimate total lead exposure. The main objectives of this
study were: (i) to characterize the source and occurrence of
particulate lead in homes supplied with water by LSLs; and (ii)
to evaluate a protocol method to detect particulate lead
specifically.

usage (w7e12L/min)

2. Materials and methods

2.1. Distribution system: general characteristics and
water quality

The 45 homes sampled were selected on the basis that they
represent all the communities served by the distribution
system and the presence of lead in at least a part of the service
line (6 partial LSLs). Two types of homes were sampled:
“wartime”, built during WWII, with 2e3 times longer LSLs
than those built “before 19707, as observed during sampling.
Inside piping in all homes was mainly made of copper, except
in 3 cases (either galvanized-iron (n%1) or a mix of lead and
copper pipes with the majority being copper (n2)). Table 1
summarizes the water quality parameters of the system
studied, and information on the configuration and sampling
parameters of the homes studied.

2.2 General protocol

30MS sampling is defined as sampling after 30 min of stag-
nation preceded by 5 min of flushing, and the collection of the
1stliter, 2nd liter, one liter after 1 min of flushing, and one liter
after 5min of flushing. RDT sampling is defined as the
immediate sampling after entering the home without fixed
stagnation or any flushing(1st liter: 1L; 2nd liter: 2 L; liter after
5 min:5 min). Samples were collected in cold water (kitchen
tap)at “normal” flow rate (typically - 8 L/min).

Between May and July 2006, 109 “wartime” and “before
1970” homes were sampled using a 30MS protocol, this
protocol was not the goal of the study (RDT-2007), but will
serve as a basis for comparison in the discussion. BetweenJuly
and September 2007, 45 homes were sampled using RDT.
Among these homes, 23 were sampled in 2006 and others
were in the same range of age and configuration (Table 1).
Between the 2nd liter and the liter after 5 min, physico-
chemical parameters potentially affecting lead leaching were
measured: flow rate, temperature (mercury thermometer, SM
2550-B), pH (Oakton PhTestr 10, SM4500-H? B), and free, total
and combined chlorine (Hach Pocket Colorimeter II, 4500-CL
G). Dissolved metals were obtained by on-site filtration
immediately after the 1L sample collection using the
following procedure: each bottle was mixed, then a 50 mL
aliquot was taken using a 60 mL disposable syringe (BD Luer
Loky ), and filtered in a 50 mL vial using a 0.45mm porosity
PVDF membrane cartridge (Millipore Millex HV, Durapore,
33 mm). In addition, experiments with standard multi-metal
solutions at two different concentrations (5 and 10mg/L)
showed that these filtersdo not absorb significantlevels of the
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Table 1 e Water quality characteristics of the system studied and information on the configuration and sampling

parameters of the homes sampled.

Annual water quality
characteristics of the system studied

pH 7476815 pH

Turbidity (NTU) 009e1863 Turbidity (NTU)

Temperature ( C) 1580255
Alkalinity (mgCaCO,/L ) 78e86
DIC (mg/L) 120
Total hardness (mgCaCO./L) 111e121
Conductivity mS/cm) 275307
Total solids (mg/L} 160e188

a Data from 2006 sampling

metal tested (difference << 0.05mg Pb/L, <! 0.06 mg/L for other
metals) but could release dissolved zinc (up to 13mg/L).
Samples were transported to the laboratory and acidified
preferentially the day of the sampling or within 24 h (preci-
sions 2.4). LSLs were sampled (scraping), and LSL lengths were
measured on-site. After water sampling, particles retained by
the tap aerator were collected and excess water was removed
to avoid particle oxidation.

2.3. Particulate stimulation sampling (PSS)

In 2007, additional PSS was added after RDT sampling in 9
homes, in order to stimulate particulate lead detachment.
Following the collection of the last RDT sample (6 min),a1L
bottle (S81) was placed under the closed tap, and then the tap
was opened and closed 5 times at maximal flow rate. The
bottle was then completely filled at normal flow rate. The 2nd
liter, S2, was collected immediately after, S1, at normal flow
rate. The 3rd liter, S3, was collected using the same procedure
as described for S1.

2.4. Laboratory analysis

Lead, copper, iron, zinc, cadmium, and antimony were
measured for dissolved and particulate forms using an ICP-MS
(Agilent 7500a). In 2007, tin was also analyzed (ICP-MS Agilent
7500cs). The particulate metal fraction was determined by
deducting total metal from dissolved metal. ICP-MS detection
limits (ng/L) were: Cd%0.03; Cu'0.09; Fe'5; Pbv.0.02;
Sb %0.03; Sn%0.1; Zn %0.4. For low concentrations of total
zinc, the release of soluble zinc from the fiiter led to some
negative values of particulate zinc. Because of the very high
positive values of particulate zinc when present (up to 632mg/
L), negative values were kept and assigned a zero value.
Polypropylene sampling bottles and vials were washed using
the following procedure (System Plus Ltd, method C): phos-
phate-free detergent wash, nitric acid rinse, ultra-pure water
rinse, and drying in a lead-free environment. Samples were
acidifiedat pH < 2 by adding 0.5% HNO; (optima grade, Fisher
Scientific),and stored for at least 16 h at4 'C before analysis. If
turbidity in the 1st liter exceeded 1 NTU, samples underwent
a heated-acid digestion: 0.5% HCI p 0.5% HNO;,2 h, 957C (ICP-
MS manufacturer’'s recommendations). Preliminary testing
investigating the impact of heated-acid digestion was

Temperature (C)
Eree chlorine (mg/l)

Flow rate (L/min)

Configuration and sampling parameters of homes
sampled in 2007 (range/mean)

7.5e78
Mean: 7.65
0.09-0.9
Mean: 0.16
18.3e22.8
Mean 213
0.0e1.1
Mean 053
1.0e12
Mean 57

LSL length (m) 60e302
Mean 146
154e30.2
Mean: 22.0
6.0e20.7
Mean:11.9
1.0e38.0
1.27e2.54
0.33e5.98
0.13e6.46

"Wartime LSl length (m)
‘Before 1970 LSL length (m)

PP lengthim)

LSL diameter (cm)®
Volume of LSL (L)
Volume of PP (L)°

performedon 76 samplesin 2006 (19 samplesofeach type: 1L,
2L, 1min,5min).Everysample underwentdigestion, using the
EPA 200.8 protocol (16 h, 4'C, pH < 2), and was analyzed for
lead, followed by furtherdigestionat85'Cfa 48 h (H <2)and
analyzed for lead again. Lead concentrations measured by the
two digestion methods did not vary significantly and t-tests
comparingthe twovalueswerenotsignificant(p > 1). Thus, the
EPA 200.8 digestion standard was used for all samples.

On-site and laboratory measurements were analyzed using
Statistica statistics software (version 8.0, StatSoft). Significant
factors were stated for p < 0.05.

2.5. LSL deposits and particles analysis

Six LSLs were collected between July and October 2007 from
three districts well spaced out on the distribution system (two
per district). Pipes were handled horizontally after plugging
each opening to keep the humidity inside the pipes. Interior
scale was studied on multiplespots using micro-RAMAN inVia
spectroscopy and ION TOF-SIMS IV. The RAMAN analysis
conditions were: wavelength 785 nm, power 5e10%, magni-
fying power20| or50| ,acquisitiontime w 50s, and spectrum
width 200e2000cm’ '. These conditions were adjusted using
preliminary testing because the power of the laser beam and
the time of exposure could denature the sample. Selected
standards (Alfa-Aesar) included: Pb (99% (metal basis)), PbO
(99%), PbO, (Lead IV oxide, 97%), PbCO; (PbCO; ACS grade),
(PbCO;),Pb(OH), (basic, 99% (metal basis)), and Pb;O, (Lead (I1,
V) oxide). TOF-SIMS analysis conditions were: ®Ga® ion
source, 25 keV energy, static mode, 3.7 pA current, acquisition
surface 20 | 20mm, and mass resolution on 2°Si — 8000. Charge
neutralization was achieved with an electron flood gun.

Ten typical particles taken from tap aerators (2007) were
analyzed by TOF-SIMS. Conditions were the same as for LSL
analysis, except for current (2.7 pA), mass resolution on 2Si
(- 9000), and acquisition zone (40 | 40mm and 9| 9mm).

3. Results
3.1 Sampling

Fig. 1(a,b) presents dissolved and particulate lead concentra-
tions versus sample type for 2007 RDT sampling. All sample
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types were considered on a 90th percentile basis, dissolved
lead and particulate lead representing 94e96% and 4e6% of
total lead respectively. Dissolved lead levels were compa-
rable for the 1st and 2nd liters (90th percentile: 43 and 44 mg/
L, respectively), and drop twofold and significantly after
5 min of flushing (p < 0.05, Kruskal-Wallis test). The partic-
ulate lead profile differed because concentrations decreased
after the 1st liter (2L-RDT) but not significantly so with the
liter collected after 5 min flushing (p < 0.01, Kruskal-Wallis
test).

Fig. 2 illustrates the cumulative distribution of particulate
lead for each type of RDT sample. The 90th percentile in the
1st liter was half the WHO guideline value of 0.010 mg/L, and
maximum values were higher than this value. For the 2nd liter
and the liter after 5 min, the 90th percentile and median
decreased rapidly. However, some higher values (2L:
45e7.4mg/L; 5 min: 2.5e3.5mg/L) remaining after flushing the
1st liter showed that partial rinsing was insufficient to avoid
the sporadic occurrence of particulate lead.

Table 2 presents metal levels measured in tap water for
RDT and PSS samplings (2007). Cadmium and antimony were
not considered further in the analysis, either because their
levels were constant (Sb) or below detection limits (Cd).

a 120
100 Mean:.24 ugil............
Median: 16 pug/L
I a0
g Meap: 22 ugiL
o Median: 15 pg/L
a
- 60
@
>
Q
ﬁ Mean: 12 o/l
o 40 Median: 11ugiL
20 |
™ a
&
@ Median
0 1 10%-90%
1L-RDT 2L-RDT 5min-RDT T Min-Max
Type of sample
b 12
11 Mean=1:8pgik:
Median=0.79 pg/L
10 90%="4:9"ig/L
Mean= 0.93 pg/L
9 T
8 90%= 2.1 pg/L
g
27
)
a 6
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& 5 28 pgll:
2 90%= 1.2 pgiL
£ 4 ,
E 3 305 2.1 uoll. 40% for 2006, ~ T
B 350818 ugll
'Y W EEETEE 40%Jfor 2008,
~~~~~~ 30MB: D56 ug/l.
1 L]
X a [ e r
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-1 * [110%-90%
1L-RDT 2L-RDT 5min-RDT T Min-Max

Type of sample

Fig. 1 e Dissolved Pb (a) and particulate Pb (b)
concentrations versus type of sample in 2007 RDT
sampling. N [ 45 homes for each box.

3737
110%
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90% Rl .
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0
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Particulate Pb (ug/L)})

Fig. 2 e Cumulative frequency (%) vs. particulate Pb
concentration (mg/L) for each type of sample, RDT sampling
2007.

3.2. Statistical analyses

Table 3 introducescorrelationsbetween dissolved lead, partic-
ulatelead,and other metals.ForRDT samples,dissolvedleadin
the 1st and 2nd liters was not correlated with any of the other
metals. On the contrary, particulate lead in the 1st liter was
clearly correlated with metals from PP and iron (p <0.01):
particulate zinc (R'20.61), dissolved iron (R%0.47), particulate
iron (RY20.58), particulate tin (R%0.44), and particulate copper
(R%0.43). Most of the time, high particulate zinc values and
particulatelead spikesoccurredsimultaneously.ln the2nd liter
and the liter after 5 min, particulate lead correlation with
particulate iron (R%0.83e0.88, p <0.01) and dissolved iron
increased (R%0.70e0.76, p < 0.01), while correlations with PP
metalsnearlydisappeared(particulateCuonly).Also,afterSmin
of flushing,dissolvedleadand particulateleadwere significantly
correlated (R%0.32, p < 0.04), suggestingacommon source.

Multiple regression analyses were performed on particu-
late lead versus metals in water, and sampling parameters
potentially affecting particulate lead release (flow rate, pH,
chlorine, turbidity, temperature, LSL length). Data were
separated by sample type for a two-step analysis (1L, 2L,
5 min): (i) particulate lead versus other metals, (ii) particulate
lead versus sampling parameters. Temperature, pH and
chiorine did not significantly affect lead release. The length of
LSL, even if well distributed (6.0e30 m) and correlated with
dissolved lead (Cartier et al., 2008), was not correlated with
particulate lead. Moreover, t-tests showed that particulate
lead was not significantly different in homes “before 1970”
and “wartime” (p > 0.2 for 1L-RDT, 2L-RDT, 5min-RDT)even if
the latter had significantly longer LSLs. Factors significantly
associated with particulate lead in the 1st liter included
turbidity (Rzad,-usted % 0.48, p <0.01), particulate iron, particu-
late zinec, and dissolved lead (Rzad,-usted ¥.0.64, p<0.01).
Particulate tin was almost significant(p%0.07), and all metals
increased with particulatelead (Fig. 3a). The data also revealed
that particulate lead spikes and particulate spikes of zinc, tin,
iron, or copper, or a combination of these metals, occurred
simultaneously.
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Table 2 e Concentrations of metals analyzed at the tap (mg/L), 2007.

RDT sampling 2007 1L,2L, 5 min

Metals

N Average Median Min Max

Pbyics
pbpart
Cudiss
Clgan
Fediss
Fesan
aniss
Zngan
Sndiss
Snpan
Cddi55
Cdoant
deiss
Sbyar

135
135
135
135
135
135
135 22
135 11
135 e
135 0.03
135 e
135 e
135 0.16 016
135 e e

19
1.1
176
34
22
10

14
039
96
12
16
3.2
1

2.1

BDL
94

BDL
BDL
BDL
35

BDL
BDL
BDL
BDL
BDL
Q.13
BDL

114
12
780
47
130
247
220
119
023
1.3
003
BDL
0.23
006

Note: BDL means below detection limit.

Flow rate was significantly correlated with particulate lead
inthe2nd Iiter(Rzad,-usted 1.0.12,p < 0.02), as did particulateand
dissolved iron, total zinc, and dissolved lead (Rzad,-usted 20.86,
p < 0.01) (Fig. 3b). After 5 min of flushing (Fig. 3¢), the same
factors were significant for particulate lead in the 2nd liter,
except for total zinc.

Linear regressionsshowed a stronger relationship between
particulate lead and particulate iron than with dissolved iron
(Table 4).The lower level of association with dissolved iron is
readily understandable considering the low solubility of ferric
oxyhydroxides at pH 7.5e7.8. For the 2L-RDT and the 5min-
RDT analysis on particulate lead versus particulate iron, few
values (n 22 for 2L-RDT, n %3 for 5min-RDT) were outside the
prediction interval (0.95). Interestingly, four of these outliers
corresponded to the highest flow rates measured (8.7 and 12 L/
min).
3.3. Particulate stimulation sampling (PSS)

Fig. 4 presentsRDT and PSS results on particulate lead for the 9
homes. RDT results show that flushing decreased particulate
lead when sampling flow rates were used (2.1e8.7 L/min). Tap

90th

43

24
440
9.0

58
17

PSS sampling 2007: 81, 52, 83

Average Median Min Max

23
82
143
16
23
91
14 13
58 6.0
0.01 e
25 044
e e

e e

16
2.9
141
95
17
48

38
0.36
33
BDL
BDL
BDL
6.3
BDL
BDL
BDL
BDL
BDL
013
BDL

69
50

stimulation (S1) dramatically increased the levels of particu-
late lead, far more than the levels found in 1L-RDT (90th
percentile p 16 mg/L). Levels decreased somewhatin sampleS2
without any added faucet operation. Finally, the 2nd tap
stimulation (S3) created another remarkable increase in
particulate lead, with the 90th percentile value more than
double that observed for S2 (29mg/L versus 12mg/L).The 90th
percentile value for S3 was also higher than that measured
for S1, however, the maximum values were lower (33mg/L
versus 50mg/L). Considering the limited number of homes
investigated with PSS, the establishment of significant
correlations with other metals was not possible. Particulate
metals from PP also increased with PSS (Table 2, Fig. 5b): the
90th percentile values measured for S1, S2, and S3 taken
together are: 4.5mg Snpar/L, 25mg Cup, /L, and 327mg Zny../
L. Particulate iron also increased, but not as much. Also,
although no stagnation was provided prior PSS, notable
increases in the concentrations of dissolved lead
(mean p 8.3mg/L), zinc (meanp6.7mg/L), and copper
(mean p 88mg/L) are measured for PSS when compared to the
values after 5 min RDT flushing (Fig. 5a). Iron concentrations
remained stable (mean p 1mg/L only).

Table 3 e Correlations (R) between metals analyzed at the tap, 2007 RDT sampling.

Variable Pbul L Pb, 1L Variable

Phy 1L
Pb.. 1L
Cudiss L
Cupa 1L
Fedissﬂ-

1.0
0.14
1001
0.04
1006
1019
1006
0.05
0.17
0.09

PbdissZL
Pb...2L
CudissZL
Cupan2l
Fedisszl-
Feso2l
anissZL
Zn.aol
Sndisszl-
Sn.2l

Fecn L
aniss1 L
Zosanil
Sndiss1 L
Shpa il

Note: ND means not defined.
Significant correlations { p < 0.05) are in italic font.

Pby2 L

Pb,.2L Variable Pbyi.:d min Pby.id min

Pbai.:5min
Pby.i5min
Cuaissdmin
Clpandmin
Feyss5min
Fe...Bmin
Zngi<5min
Zng.. 5min
Sngi.5min
Sny.idmin
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Fig. 3 e Multiple regressions on particulate Pb 2007 results,
45 homes, inputs [ metals measured at the tap. (a)
Particulate Pb 1L-RDT, (b) Particulate Pb 2 L-RDT, (c)
Particulate Pb 5 min-RDT.

3.4. Scale deposits and particles

Micro-RAMAN spectroscopy carried out on two LSLs from the
first district (A, B) showed six characteristic peaks of both
cerussite (PbCO;) and hydrocerussite ((PbCO3),Pb(OH),),
including the main peak at 1055cm’ '. A peak at 1386cm’ '
specific to cerussite was noted, as well as, two peaks charac-
teristic of massicot/litharge (PbO), including the main peak
(290cm™ ). Thus, these two species were both present. Some
peaks specific to tetravalent lead (PbO,) were possibly present,
but, because of their weak intensity, along with noise inter-
ference, and the absence of a main peak (510 cm’ %), this could
not be confirmed. Also, due to the limitationsin intensity and
exposure time explained previously, there was little possi-
bility of spectrum improvement. Regarding the second district
(C, D), PbO peaks (343¢cm’ ', 427cm” ') were noted on most
spectra acquired, but the main peak at 200cm’ ' was not
measured. Cerussite and hydrocerussite peaks detected were
superposed, impeding differentiation of both species. Some
peaks of weak intensity could be attributed to PbO,, with
strong reservation, because of noise interference and absence
of the main characteristic peak. In the last municipality, the
two LSLs (E, F) came from adjacent homes, but, surprisingly,
one presented whitish scale (E)and the other reddish scale (F)
(Photo 1a). However, despite being careful during the trans-
portation of the pipes, it is possible that some scales could
have become dislodged during the extraction, explaining the
color difference. Whitish scale analysis revealed the presence
of cerussite and/or hydrocerussite (peaks superposed) and
PbO. Three peaks for PbO, were recurrent and marked: 387,
600,and 607 cm’ . Thus, even in the absence of the main PbO,
characteristic peak, the presence of PbO, was suggested.
Finally, one peak for Pb;O, (391 cm’ 'y was visible and recur-
rent, but the absence of any other peaks made confirmation
impossible. The analysis of the reddish deposits (F) revealed
the presence of cerussite and/or hydrocerussite (peaks
superposed), PbO, and PbO, (600 and 632 cm’ H

Assomedoubtspersistedwith respectto theRAMAN results,
complementary analyses using TOF-SIMS were carried out. A
signal wasdifficultto obtainbecauseof the highisclatingpower
of lead oxides. The spectrum width analyzed could not include
thehydrocerussitehighatomic mass,andsohydrocerussite was
reconstructed using oxide fragments.Species detectedon A, B
were: Pb, PbOH, PbO, PbCO;, (PbO)(H),, Pb304, and PbO,. Thus,
the presence of hydrocerussite (PbCO;pPbOH), PbO, Pb;O4, and
PbO, was inferred. Cerussite was potentially present, but not
validated. Low RAMAN detection of Pb;O, and PbO, suggested
thatthese specieswerepresentintraceamounts.On CandD,Pb,
PbO, PbCO;, and PbOH were detected. Only one spectrum pre-
sented PbO, at weak intensity. Thus, the presence of hydro-
cerussite, PbOand tracesof PbO, were inferred.

To conclude, LSL deposits analysis revealed lead (ll) oxides
(carbonates, massicot/litharge) as predominant and traces of
PbO, (Table 5).

Ten typical particles collected in the faucet aerator were
analyzed with TOF-SIMS. Analysis did not reveal the presence
of lead-based oxides (as found in LSL scale) on the particles,
but many metals representative of PP (Sn, Cu, Zn) and iron
were detected (Photo 1(bed)).
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Table 4 e Linear regression analysis of particulate lead versus dissolved iron, and versus particulate i

type.
X ¥

Particulate Pb 1l RDT
Particulate Pb, 21 RDT
Particulate Pb, 5min-RDT
Particulate Pb, 1L-RDT
Particulate Pb, 21 RDT
Particulate Pb. 5min RDT

Particulate Fe, 1L-RDT
Particulate Fe, 21 .RDT
Particulate Fe 5min RDT
Dissolved Fe 1L -RDT
Dissolved Fe 21 RDT
Dissolved Fe, 5min-RDT

4. Discussion
4.1. Relationship with metals from PP

Particulate lead, as opposed to dissolved lead, decreased
significantly after flushing the 1st liter, and was not correlated
with LSL length. Particulate lead in the 1st liter was correlated
with particulate metals from PP and peak concentrations
occurred simultaneously with particulate tin and/or particu-
late copper/zinc spikes. Establishing the source of the leaded
particles is a challenge given that multiple sources of particu-
late lead can contribute sporadically and will produce different
multi-metal signatures. Particulate lead at the tap has been
weakly correlated with copper and zinc in samples collected
using a wide range of sampling procedures and various PP
materials (HDR Engineering Inc., 2009). Schock et al. (2008)
investigated the composition of lead-based deposits in lead
pipesand found moderate levels of copper, tin and zinc. Based
on the simuitaneous occurrence of particulate lead and other
metals in the present study, a significant portion of the
particulate lead measured in the 15! liter originates from the
corrosion of lead-bearing materials in PP, namely by brass,
solders and erosion of lead containing deposits. According to
Sandvig et al. (2008), PP including faucets can contribute
(21e38%) to the total lead mass measured at the tap from
sequential samples collected at homes with LSLs. The simul-
taneous occurrence of zinc and lead is an indication of signif-
icantcontribution of brass. Insome homes, the sporadic spikes

55
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Fig. 4 e Particulate Pb concentrations at the tap for homes
sampled with RDT D PSS sampling. N [ 9 for each box.

, foreach sample

Simple regression equation

y%1.2b0.032x

y %4037 b 0.093x
y %0.21 b 0.053x
y % 0.65 b 0.048x
y1%0029b0.041x
y %0025x

of particulate lead occurring at the same time as Zn/Cu spikes
could be due to brass dezincification,or to the presence of high
leaded-brass (Grosvenor et al., 2005). Indeed, brass material
from PP may contain lead up to the regulated level of 8% (LCR),
or possibly morein oldercomponents(Lytleand Schock, 1996).
Stagnation of water in faucets creates conditions favorable to
corrosion that can lead to the detachment of particles of lead,
zinc, or copper, oracombination of these elements(Dudietal,,
2005). Inotherhomes, milderbrasscorrosion or the presence of
low-leaded-brass could explain the lower levels of particulate
lead, zinc, and copper. However, identifying the leading
mechanism causing particulate lead release from brass is
difficultinlightofitssporadicreleaseand thefactthatdifferent
types of particles can be present at the same time. The simul-
taneous occurrenceoflead and tin particlesisaclear marker of
solders. Tin occurred mainly in the particulate form, with

a s (3 Dissolved Pb
i Dissolved Fe
:_z 260 - s Dissolved Zn
g # Dissolved Cy
£
,%, 180

Dissolved metals

IL-RDT  2LRDT  SminRDT 5t 52 83

Type of sample
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 Particulate Fe
o Particulate Zn
B Particulste Cu
& Particulate Sn

Particulate metals (0%, ug/l)

1-ROT

2LROT Bmin-RDT 51 52 53
Type of sample

Fig. 5 e 90th Percentile of: (a) dissolved and (b) particulate
metal concentrations measured at the tap for homes
sampled with RDT D PSS sampling. N [ 9 for each bar.
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Cu2n. P
Pb, Sn

Photo 1 e (a) portions of lead service line E (right) and F
(left); (b), (c), (d) examples of particles coliected in the
aerator tap after 2007 sampling.

concentrations measured either BDL (0.1mg/L) or at relatively
high levels (max RDT: 1.3mg/L, max PSS: 33mg/L)simultaneous
tothe highestconcentrationsofparticulatelead.PbeSn solders
joining copper piping have been shown to corrode and release
particulatelead (Subramanianetal., 1995; Triantafyllidouetal.,
2007). Particulate lead from solders was not as frequent as
particulate lead from brass, and then only in the 1st liter.

Particulate lead decreased rapidly after the 1st liter
sampled, and only weak correlations with PP metals
remained. Consequently, for the system studied, flushing the
1st liter can eliminate most of the particulate lead originating
from PP corrosion.

4.2 Relationship with particulate iron

Particulate lead in RDT samples was correlated with particu-
late iron. This correlation was even stronger in the 2L-RDT
and 5 min-RDT samples, and was accompanied by a correla-
tion between particulate lead and dissolved lead. Strong
correlations between lead particles/colloidsat the tapandiron
were also found in other studies (Hulsmann, 1990; HDR
Engineering Inc., 2009). The observed correlation is most

likely the result of the sorption of dissolved lead from the LSL
onto iron particles/deposits in LSL and PP, generating lead-
loaded iron colloids and particles. Indeed, Schock et al. (2008)
found major quantities of iron among other contaminantsin
lead-based internal deposits on lead pipes. Also, jar-tests
conducted by HDR Engineering Inc. (2009) demonstrated that
alead-rich iron corrosion scale with variable lead levels (up to
7e8% Pb) could form via sorption mechanisms. Other studies
show that iron scales in the distribution system can absorb
and accumulate continuously low concentrations of many
contaminants, such as arsenic. These scales can then release
metals at hazardous levels in tap water following, for
example, a change at the treatment plant (Reiber and Dostal,
2000; Lytle et al., 2004; Schock, 2005). Because of its affinity
to iron scales, lead could accumulate in scales after years of
exposure to low-lead levels in water, as observed for other
metals such as arsenic in lead pipe scales (Schock et al., 2008).
The presence and impact of leaded-iron scales should be
considered if any treatment modificationsleading up to water
quality changes are scheduled because such changes could
destabilize the scale or mobilize lead into solution, as
observed for arsenic (Schock, 2005; Copeland et al, 2007).
Except when the PP is galvanized-iron, iron originates from
the corrosion of grey iron and unlined cast iron main pipesin
the distribution network, and subsequent deposits of that iron
in the LSL and PP (AWWARF and DVGW-TZW, 1998). In the
present study, PP was investigated and galvanized-iron pipes
were present in only one home. It is however possible that
some inaccessible sections of the PPcontained old galvanized-
iron pipes potentially harboring lead-rich deposits. Also, iron
scales could be present in copper piping due to the deposit of
iron particles from the distribution main. These scales could
generate sporadic release of lead-iron particles in RDT
samples. The greater correlation with iron observedin the2 L-
RDT and 5 min-RDT samples is explained by the flushing of
lead particles originating from the PP into the 1st liter. Actu-
ally, the correlation between particulate lead and dissolved
lead increases with the presence of particulate iron as the PP
and LSL are flushed. Iron-lead particles are considered to be
the main contributor of particulate lead in the 2 L-RDT and the
5 min-RDT samples.

Table 5 e Summary of oxides detected on LSLs with micro-RAMAN spectroscopy and TOF-SIMS.

instrument PbCO; (PbCO3),Pb(OH ),

447 668 875 900 1055, 1808
13886 specific to PbCO,

RAMAN
fom

TOF-SIMS
RAMAN
em )

detected detected
447, 668, 840, 900, 1055, 1808

TOF-SIMS detected detected

RAMAN
em' Y

447 840 1055, 1808
447, 900, 1055, 1367, 1808

Note: N D. means not detected

PbO PbO,

290,427

detected
343, 427 ND.

detected

389 427
290,427

Conclusion

Weak intensity,
characteristic peak
absent

detected

PbCO3,
(PbCO4),Pb(OH),
PbO, traces of
Pbs04 and PbO,
Weak intensity, PbCO; (maybe),
characteristic peak (PbCO3),Pb(OH ),
absent PbO

Only one acquisition
with little PbO,
intensity

387, 600, 607

600, 632

detected

PbCO; (maybe),
(PbCO5),Pb(OH ),
PbO, traces of
PbO,
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4.3. Relationship with LSL

Analysisof the interiorscale of 6 LSLs revealed the presence of
a thin scale (w40mm) of lead (II) oxides, with only traces of
tetravalent lead. The water quality in the distribution system
studied is probably in the lead (Il) formation zone of the Eh-pH
diagram, but not far from the lead (IV) formation zone. Free
chiorine residuals varied from 0.1 to 1.1 mgClI,/L, the higher
range at some locations/periods possibly leading to the
formation of patches of PbO, on lead (ll) scale. Lead (IV) oxide
has been mostly observed when high chlorine residuals were
applied (Schock et al., 2001, 2005; Lytle and Schock, 2005). Our
observations are consistent with the low to moderate chlorine
residuals applied historically by this utility. Tetravalent lead is
very stable, and detached particles exhibit low solubility
(Edwards and Dudi, 2004). In contrast, lead carbonates are
more soluble, but can still generate colloidal and particulate
lead (McNeill and Edwards, 2004).

In this study, particulate lead was: (i) not correlated with
LSL length, (ii) not significantly lower in “before 1970” homes,
as compared to “wartime” homes with LSLs 2e3 times longer.
This lack of correlation suggests that the detachment of lead
oxides from LSLs is not a major source of particulate lead in
this system. [t is possible however that colloidal lead
(0.1e0.45mm) was present in our samples due to lead (ll) scale
detachment from LSL as observed by McNeill and Edwards
(2004). Smalier colloids are included in the measurement of
dissolved lead because of the 0.45mm cutoff used.

The TOF-SIMS analysis of the particles collected in the
aerators revealed the presence of elemental lead, but no traces
of either lead (Il) or lead (IV) oxides. However, several metals
typically found in PP (Cu, Sn, Zn) and iron were detected
simultaneously with lead. These findings support the
conclusions of the statistical analyses, i.e. that particulate
lead is the result of iron-lead scale detachment from PP/LSL
and the local corrosion of lead-bearing materials in PP.

4.4 Relationship with dissolved iron

The statistical analyses suggest that particulatelead increases
with dissolved iron, particularlyin the 2L-RDT and 5 min-RDT
samples. lron release is related to the corrosion rate and
constitutes a general indicator of the corrosivity of water
(AWWARF and DVGW-TZW, 1996). Broo et al. (2001) proposed
a model relating the corrosion rate in distribution systems to
dissolved iron concentrations. If higher dissolved iron
concentrationsare indicative of greater water corrosivity, then
greater corrosion of lead-bearing materials in PP and more
frequentparticulatelead detachmentare expected. The impact
of dissolved iron on particulate lead is more evident in the
2L-RDT and 5 min-RDT samples, because most of the partic-
ulate metals originating from PP are flushed in the 1st liter.

4.5 Influence of sampling parameters

Turbidity was found to be a significant factor determining
particulate lead concentrations in the 1L-RDT samples. As
particulate lead in these samples was correlated with
concentrations of particulate metals from PP and iron, all
these metals may contribute directly to turbidity.

The incidence of particulate lead at the tap can originate
from theremoval of existing depositsby scouring or sloughing
during water flow (Schock, 1990). In this study, the passage of
particulate lead (including lead-iron particles) was influenced
in 2L-RDT, and 5 min-RDT samples by flow rate. Indeed,
particulate lead spikes 0f 2.5, 2.4mg/L (2 L-RDT)and 4.5, 1.8mg/
L (5 min-RDT) were recorded at the two highest flow rates (12
and 8.7L/min, i.e. w1.1e1.6 m/s for a 0.5in. diameter pipe).
However, a higher particulate lead release event was recorded
at a lower flow rate of 7.5L/min, i.e. wim/s for a 0.5in.
diameter pipe (2L-RDT: 7.4mg/L, 5 min-RDT: 3.5mg/L). This is
consistent with results for small iron oxide particles
(45e250mm) suspended at a velocity >0.13 m/s, and fully
suspended at a velocity >0.22 m/s. Large particles grouped
into “islands” required a 0.4 m/s velocity (Slaats et al., 2003).
The impact of flow rate on the presence of a particle at the tap
depends on particle characteristics, piping configuration
defining the flow regime, and the distance of detached parti-
cles to the tap. It is therefore expected that the relationship
between flow rate and particulate lead at the tap would be
site-specific and more difficult to establish in many homes
with particles of varying size and density. Moreover, recent
pipe loop testing has shown that lead particles released from
galvanized-iron pipes were sensitive to modificationsin flow
regime, but that the level of sensitivity was really variable
between the pipes tested (HDR Engineering Inc., 2009).

In the present study, flow rates ranged from 3.0e7.5 L/min
(76% of homes sampled), very low and very high flow rates
being less common (1e2.5L/min: 11%; >7.5L/min: 13%).
Systematic tap sampling at increasing flow rates may provide
a clearer picture. In a high-risk home in Washington D.C,,
increasing the flow rate from 1 to 22L/min resulted in
a dramatic increase in particulate lead (Triantafyllidou and
Edwards, 2009). However, similar tests conducted in our
system at flow rates between 4.6 and 15L/min showed no
increase in dissolved and particulatelead at the tap (Nouret al,,
2007).Finally, flow rate did not influence particulatelead in the
1st liter, because particulate lead in these samples reflects an
accumulation of particulate metals during stagnation.

4.6. Importance of the sampling protocol

The importance of the sampling protocol can be evaluated by
comparing particulate lead in the 1st liter collected with the
2007-RDT and 2006e30MS sampling protocols. Overall,
a greater proportion (30%) of samples collected with RDT
sampling (45 homes)contained more than 1nmg/L of particulate
lead when compared to 11% for the 30MS sampling (109
homes). Moreover, the 90th percentile value for the 1L-RDT
samples exceeded the value for the 1 L-30MS samples by 57%
(Fig. 1b). When using the 30MS sampling, the 5 min flushing
prior to stagnation is often performed at maximum flow rate,
which is likely to eliminate most particles. The subsequent
stagnation of 30 min may not be long enough to regenerate
particles. The RDT sampling appearsto be a betterapproach of
estimating particulate lead at the tap, because: (i) particlesare
not systematically flushed out of the system shortly before
sampling; (ii) prior usage patterns vary and may have been
favorable to particle flow transport to the tap. Moreover, RDT
sampling is considered to provide a better range of typical
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consumerexposure, provided that sufficientsamplesare taken
(van den Hoven and Slaats, 2006, Cardew, 2009). However, it is
possible that RDT sampling would reveal less particulate lead
than the reference LCR sampling (- 6 h stagnation). A possible
approach to obtaining pertinent information on both particu-
late and dissolved lead would be to sample the 1st liter upon
arrivalfor particulatelead analysis(RDT),and then to flushand
analyze the 30MS samples for dissolved lead.

After 5 min of flushing, hydraulic disturbances caused by
PSS increased the passage of particulate metals, including
particulate lead, into the tap water to levels higher than those
found in the 1L-RDT samples. Indeed, the particulate lead to
total lead ratio increased from 2% in the RDT samples to 33%
(90th percentile)in the PSSsamples. Increases were higher for
particulate metals from PP (Cu, Zn, Sn). These observations
support the conclusions that particulate lead originates partly
from brass element/solder corrosion and increases with flow
rate. The repeated activation (5 times) of the faucet at high
flow ratecreated hydraulicdisturbancesand friction that have
been shown to impactparticulate lead release (van den Hoven
and Slaats, 2006). Also, hydraulic disturbances such as water
hammer were shown to increase particulate lead detachment
from lead-iron scales in galvanized-iron piping (HDR
Engineering Inc., 2009). Water quality determines corrosivity,
and combined with hydraulic and physical conditions, deter-
mines the formation and release of particulate lead. However,
the detection of particles is a function of particle transport to
the tap and passage through the aerator (if present). The
conditions of particle accumulation and transport vary
depending on the flow rate and prior flushing. In this system,
the selection of the sampling protocol would directly influ-
ence compliance, as particulate lead may contribute to more
than action levels when using PSS.

Additionally, PSS increased dissolved metals, especially
lead, copper, and zinc. PSS samples were collected immedi-
ately after the 5 min-RDT sample without any stagnation
providing time for the dissolution of lead. It is consequently
inferred that the higher dissolved lead content with the PSS
(versus RDT) is due to colloidal lead detachment, either from
LSL or PP. This raises issues regarding the definition of dis-
solved lead as the fraction <0.45mm. Dissolved lead measured
in this way may include a significant colloidal fraction that
behaves as particulate lead and is sensitive to flow rate and
hydraulic disturbances.

5. Conclusions

This study provides an analysis of the source, occurrence, and
parameters affecting the release of particulate lead. Particu-
late lead, for the system investigated, was attributed to PP
corrosion and leaded-iron scale detachment. Results show
that current sampling protocols are not adapted for the
detection of particulate lead and may underestimate a part of
the consumer exposure at the tap. Consumers’ usage patterns
and high flow rates can stimulate the detachment of lead
particlesand should be considered in sampling protocols. The
strong relationship observed between iron and particulate
lead raises concerns about the potential accumulation and
subsequent release from scales in PP, especially in the

presence of galvanized-iron. Also, the traditional definition of
particulate lead might be revised to account for the coliocidal
detachment observed during PSS. Finally, efforts to measure
particulate lead are justified by the sporadic but sometimes
extreme concentrations that can occur and their potential
impact on health.
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